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During autoimmunity, the normal ability of dendritic cells
(DCs) to induce T-cell tolerance is disrupted; therefore,
autoimmune disease therapies based on cell types and
molecular pathways that elicit tolerance in the steady
state may not be effective. To determine which DC
subsets induce tolerance in the context of chronic
autoimmunity, we used chimeric antibodies specific for
DC inhibitory receptor 2 (DCIR2) or DEC-205 to target
self-antigen to CD11b+ (cDC2) DCs and CD8+ (cDC1) DCs,
respectively, in autoimmune-prone nonobese diabetic
(NOD) mice. Antigen presentation by DCIR2+ DCs but
not DEC-205+ DCs elicited tolerogenic CD4+ T-cell
responses in NOD mice. b-Cell antigen delivered to
DCIR2+ DCs delayed diabetes induction and induced in-
creased T-cell apoptosis without interferon-g (IFN-g) or
sustained expansion of autoreactive CD4+ T cells. These
divergent responses were preceded by differential gene
expression in T cells early after in vivo stimulation. Zbtb32
was higher in T cells stimulated with DCIR2+ DCs, and
overexpression of Zbtb32 in T cells inhibited diabetes de-
velopment, T-cell expansion, and IFN-g production.
Therefore, we have identified DCIR2+ DCs as capable of
inducing antigen-specific tolerance in the face of ongoing
autoimmunity and have also identified Zbtb32 as a sup-
pressive transcription factor that controls T cell–mediated
autoimmunity.

Antigen-specific induction of T-cell tolerance is a desired
therapeutic outcome for type 1 diabetes because of the
potential to stop undesirable pathogenic responses while
minimizing nonspecific immune inhibition. To date, little

clinical efficacy has been observed for this approach (1,2).
Autoimmune individuals elicit immune responses in an
inflammatory context and are therefore refractory to tol-
erance induction, yet most studies of T-cell tolerance have
been performed in either a steady-state context or in
models of autoimmunity requiring immunization with
autoantigen that best model the effector phase (3). There-
fore, to move beyond therapies that nonspecifically block
effector functions, it is important to learn what condi-
tions are needed to enable antigen-specific T-cell tolerance
induction in a chronic inflammatory autoimmune envi-
ronment, which can be modeled using autoimmune-prone
nonobese diabetic (NOD) mice that show spontaneous
loss of self-tolerance due to genetic and environmental
factors (4).

These factors leading to autoimmune diabetes alter the
capacity of antigen-presenting cell populations to induce
tolerance (5). In NOD mice, dendritic cells (DCs) are in
the pancreas prior to T-cell infiltration and are important
for diabetes pathogenesis and regulation (6–8). DCs are
central for both induction of immunity and tolerance (9),
and conventional DCs (cDCs) can be divided into two
broad subsets with similar function in both mouse and
human (10). The cross-presenting cDC1 express XCR1 in
both human and mouse and can be identified by CD8 or
CD103 expression in mice (11,12). cDC2 are CD11b+ in
both mouse and human, CD1c+ in human, and DC inhib-
itory receptor 2 (DCIR2)+ in mice (10). CD11b+ cDC2 are
strong stimulators of antibody production and CD4+ ef-
fector T-cell (Teff) responses and induce regulatory T-cell
(Treg) proliferation, whereas CD8+ cDC1 endocytose
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apoptotic blebs and can result in T-cell tolerance directed
against self-antigens (13,14). cDC1 are dependent on the
transcription factor Batf3, and loss of Batf3 in NOD mice
leads to a block in diabetes pathogenesis (12,15).

Patients with type 1 diabetes and NOD mice carry
diabetes susceptibility alleles, some of which affect
antigen-presenting cells, such as DCs, that lead to a loss
of tolerance and development of autoimmune diabetes
(16). The normal generation and maintenance of DCs may
be altered in autoimmune diabetes and affect T-cell toler-
ance induction (17–19). T cells appear in the pancreas of
NOD mice as early as 4 weeks of age, but hyperglycemia
does not occur until 12 weeks or later. This can be mod-
eled by CD4+ autoreactive BDC2.5 T-cell receptor (TCR)
transgenic T cells that respond to the b-cell granule pro-
tein chromogranin A as well as a series of mimetope
peptides (20–22). Prediabetic mice and humans show islet-
specific T cells and antibody responses indicating active
autoimmunity, but simultaneous immune regulation can
slow b-cell destruction (23–25). Unlike some autoimmune
diseases, the early phases of autoimmune diabetes are
clinically silent because sufficient b-cell destruction for
hyperglycemia does not occur until late. Autoantibodies
and MRI signal present in prediabetic mice and humans
correlate with immune infiltrate in the pancreatic islets
(26,27), and individuals with high risk can now be iden-
tified prior to hyperglycemia (28). Therefore, this predia-
betic phase represents ongoing autoimmunity and is of
interest as a target of immunotherapy.

Targeting antigen to DCs without adjuvant can induce
T-cell tolerance (29–31). Chimeric antibodies against lec-
tin antigen-uptake receptors efficiently target antigen to
specific DC subsets, including DCIR2 expressed by
CD11b+ cDC2 and DEC-205 expressed by CD8+ cDC1
and some migratory DCs (32). This allows characteriza-
tion of in vivo presentation of relevant antigens by spe-
cific DC subsets and has therapeutic potential for
induction of both immunity and tolerance (33). Interest-
ingly, in mice without spontaneous autoimmunity, DEC-
205+ migratory DCs are important for tolerance via Treg
induction (34). Antigen delivered to CD11b+ DCs via anti-
DCIR2 can also be tolerogenic in non–autoimmune-prone
mice, but little is known about the differential programs
these DC subsets elicit in CD4+ T cells (31,35).

In contrast to these findings of DC-mediated tolerance
induction, we have shown, surprisingly, that DEC-205+

cDC1 are unable to induce CD4+ T-cell tolerance in
NOD mice (18). In this autoimmune context, DEC-205+

DCs elicit expansion and effector function, even when
starting with naïve T cells. Nontargeted antigen delivery
will likely have to overcome this effector response to in-
duce tolerance.

Therefore, we now asked if other DC subpopulations
could elicit a more tolerogenic response from autoreactive
CD4+ T cells in NOD mice. Comparing T cells stimulated
by DC subpopulations divergent in tolerogenic ability
allows identification of pathways critical for tolerance

induction in this context. Here, we demonstrate that de-
livery of antigen to DCIR2+ DCs in NOD mice induces
a tolerant phenotype in diabetogenic BDC2.5 CD4+ T cells
and inhibits diabetes development in a NOD.scid transfer
system. T cells stimulated by DCIR2+ DCs do not produce
interferon-g (IFN-g) and undergo significant deletion.
Early after stimulation with DCIR2+ DCs, T cells displayed
distinct gene expression, including higher levels of zinc
finger and BTB domain containing 32 (Zbtb32), a tran-
scription factor that can inhibit T-cell differentiation (36).
We found that overexpression of Zbtb32 in BDC2.5
T cells increases deletion and inhibits their ability to in-
duce diabetes. These results demonstrate that although
DC-mediated tolerance is impaired in the context of chronic
autoimmunity, specific DC subsets such as DCIR2+ DCs
can still elicit diabetes-inhibiting T-cell responses, in part
by increased expression of Zbtb32.

RESEARCH DESIGN AND METHODS

Mice
Original breeding pairs of NOD, NOD.BDC2.5, NOD.Thy1.1,
NOD.scid, and C57Bl/6 mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). NOD.BDC2.5.
FoxP3-green fluorescent protein (GFP) mice were a gift
of Vijay Kuchroo (Harvard University). Six- to eleven-
week-old mice were used. All mice were bred and housed
under specific pathogen-free conditions at the National
Institutes of Health according to protocols approved by the
Institutional Animal Care and Use Committee.

Antibodies and Flow Cytometry
FoxP3 (FJK-16s)-APC antibodies were purchased from
eBioscience (San Diego, CA). CD40 (3/23)-FITC and IFN-g
(XMG1.2)-APC antibodies were purchased from Becton
Dickinson (San Jose, CA). CD4 (GK1.5)-PacBlue, Thy1.1
(OX7)-APC, Thy1.1-PerCP, Thy1.2 (30-H12)-APC, Thy1.2-
PerCP, interleukin (IL)-2 (JES6–5H4)-Alexa488, CD11c
(N418)-PerCP, CD11b (M1/70)-PE, IL-3 (MP2–8F8)-PE,
and CD8 (53–6.7)-PacificBlue were purchased from
BioLegend (San Diego, CA). Viability was assessed by
Live/Dead Fixable Aqua staining (Life Technologies, Grand
Island, NY). All DC stains were done in the presence of
TruStain FcX (BioLegend). Flow cytometry was performed
on a CyAn (Beckman Coulter, Brea, CA) or LSR II (Becton
Dickinson). Western blotting was performed using Flag
(F3165) and b-actin (A1978) antibodies (Sigma-Aldrich,
St. Louis, MO) and the Amersham ECL Western Blotting
Kit (GE Healthcare Bio-Sciences, Pittsburgh, PA) as their
detection reagent.

Production of Chimeric Antibodies
aDEC-205 and aDCIR2 antibodies generated from their
original hybridomas (NLDC-145 and 33D1, respectively)
were obtained from Ralph Steinman and Michel
Nussenzweig (The Rockefeller University). Antibodies
contain an altered IgG1 heavy chain constant region that
ablates binding by Fc receptors (37), followed by a linker
sequence and the antigenic peptides. aDEC-BDC and
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aDCIR2-BDC (BDC2.5 mimotope 1040-55) (20) were
expressed and purified as previously reported (18,29). An-
tibody binding to CHO lines expressing DEC-205 or DCIR2
(Juliana Idoyaga, Steinman Laboratory, The Rockefeller
University) was analyzed using a polyclonal goat anti-
mouse IgG-PE (Jackson ImmunoResearch, West Grove,
PA), and binding to spleen DCs was analyzed by an anti-
mouse IgG1-Alexa488 (Life Technologies). All batches were
tested for functional activity by BDC2.5 T-cell proliferation
in vivo and assessed for low endotoxin levels (,0.2 EU/mL)
by LAL assay (Lonza, Basel, Switzerland).

Purification and Stimulation of T Cells
CD4+ T cells were recovered from spleens of NOD.BDC2.5
mice by negative selection as previously reported (18).
T cells were labeled with 5 mmol/L carboxyfluorescein
succinimidyl ester (Life Technologies), and 1–23 106 cells
were injected intravenously. One day after T-cell injection,
100 ng of chimeric antibodies or controls was injected
intraperitoneally, unless otherwise indicated.

Regulation of Diabetes by DC-Targeting Antibodies
CD4+CD252 BDC2.5 T cells were isolated from spleen by
negative selection as above, with the addition of biotiny-
lated aCD25 (BioLegend). T cells (5 3 104) were injected
intravenously into NOD.scid mice. These NOD.scid mice
were treated 1 day prior, and concurrently with T cells,
with either PBS or 500 ng aDEC-BDC or aDCIR2-BDC.
Mice were considered diabetic on the first day of two con-
secutive days with blood glucose levels over 250 mg/dL.

Cytokine Production and Apoptosis
Lymphoid cells were stimulated and intracellular cytokine
staining was performed as previously described (18). Total
cell numbers in lymphoid tissues were counted by gath-
ering the total number of BDC2.5 T cells within the flow
sample and the percentage of the total cell count in the
tissue assessed by trypan blue exclusion. For apoptosis
measurement, lymphoid cells stimulated for 4 days in
vivo were examined by CD4 and Thy1 antibodies followed
by a 1-h incubation with Mito Casp reagents (Cell Technol-
ogy, Inc., Mountain View, CA) and immediate detection by
FACS analysis.

Sorting of Treg and Teff
CD4+ T cells were purified as described from spleens of
BDC2.5.FoxP3-GFP mice. Cells were then stained for
CD4 and sorted on a BD FACSAria for CD4+GFP+ (Treg) and
CD4+GFP2 (Teff) populations. Cells were then transferred
intravenously into NOD.Thy1.1 mice as previously described.

T-Cell Rechallenge
Transferred BDC2.5 CD4+ T cells were stimulated for
10 days with PBS or 100 ng aDCIR2-BDC, followed by chal-
lenge by PBS or 100 ng aDCIR2-BDC with 20 mg aCD40
plus 50 mg polyinosinic-polycytidylic acid [poly(I:C)] plus
5 mg lipopolysaccharide (LPS). Spleen and lymph nodes
were collected after 4 days and BDC2.5 T-cell numbers
were assessed by flow cytometry.

Gene Expression Analysis
BDC2.5.Thy1.1 T cells were purified, transferred to NOD
mice, and stimulated with chimeric antibodies as described.
Fourteen hours after injection of aDEC-BDC or aDCIR2-
BDC, BDC2.5 T cells were sorted from spleen and lymph
nodes by Thy1.1 positivity on a BD FACSAria. RNA was
isolated by the PicoPure kit (Life Technologies) according
to the manufacturer’s instructions. RNA amount and qual-
ity were checked by Bioanalyzer analysis. RNA was provided
to the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) Genomics Core for cDNA synthe-
sis and array analysis. Gene expression was interrogated
using Mouse Gene 1.0 ST arrays (Affymetrix, Santa Clara,
CA), followed by analysis by Partek Genomics Suite. The
array data have been deposited in the National Center
for Biotechnology Information Gene Expression Omni-
bus under accession number GSE69554 (http://www
.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69554).
The mRNA levels of Il2, Il3, Irf1, and Zbtb32 were quan-
titatively confirmed using NanoString nCounter analysis.

Transfection of BDC2.5 T Cells and Diabetes Transfer
CD4+ BDC2.5 T cells were isolated from spleen and lymph
nodes of 6- to 12-week-old NOD.BDC2.5 mice using the
CD4+ T-cell isolation kit (Miltenyi) and transfected with
either the pcDNA3.1 plasmid or Zbtb32 plasmid using the
Amaxa Nucleofection kit for mouse T cells (Lonza). Trans-
fected cntrl-BDC2.5 T cells (5 3 105) or Zbtb32-BDC2.5
T cells (5 3 105) were injected intravenously into 6-week-
old NOD.scid mice. The incidence of diabetes was moni-
tored as described. Cell viability after transfection was
measured by FACS, and transfected Zbtb32 expression
was determined by Western blotting.

Insulitis Score
Pancreata from treated NOD.scid mice were fixed in for-
malin. Paraffin-embedded tissues were sectioned and
stained with hematoxylin-eosin. The degree of insulitis
was scored in a blinded fashion using the following scale:
0 = intact islet, 1 = peri-insulitis, 2 = moderate insulitis
(,50% of the islet infiltrated), 3 = severe insulitis ($50%
of the islet infiltrated), and 4 = destructive insulitis. At
least 20 islets per pancreas were analyzed by two inde-
pendent examiners.

Statistics
Differences between groups in diabetes experiments (Figs.
1A and 8E) were analyzed by the log-rank test. Analysis of
all other data was done using an ANOVA analysis with
Bonferroni posttests or an unpaired, two-tailed Student
t test with 95% CI (GraphPad Prism, San Diego, CA).
P values ,0.05 were considered significant.

RESULTS

To study DC-mediated tolerance induction in autoim-
mune NOD mice, we generated chimeric antibodies that
target a BDC2.5-stimulatory mimetope peptide to anti-
bodies against the lectin DEC-205 (aDEC-BDC) or DCIR2
(aDCIR2-BDC) found on cDC1 CD8+ and cDC2 CD11b+
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DCs, respectively (Supplementary Fig. 1A and B). These
antibodies specifically bind to their target lectins (Supple-
mentary Fig. 1B), and they functionally targeted antigenic
peptide to DCs for efficient stimulation of b-cell–reactive
BDC2.5 T cells in vivo, whereas the same dose of antigen
given via a nonspecific antibody did not significantly stim-
ulate BDC2.5 T cells (18).

To determine how autoantigen presentation by DEC-
205+ or DCIR2+ DCs affected diabetes pathogenesis,
CD4+CD252 T cells from NOD.BDC2.5 mice were injected
into NOD.scid mice to induce diabetes. The NOD.scid mice
were treated with PBS, aDEC-BDC, or aDCIR2-BDC and
followed for hyperglycemia. aDEC-BDC did not alter the
time to diabetes, as previously reported (18,38) (Fig. 1A).
aDCIR2-BDC, on the other hand, significantly delayed
diabetes progression as compared with PBS or aDEC-
BDC (P , 0.001 for each) (Fig. 1). Next, T-cell expansion
and Treg induction were measured at day 5 in NOD.scid
mice transferred with BDC2.5 T cells. The net expansion
of islet-specific cells was significantly higher in mice given
aDEC-BDC (Fig. 1B), but no differences in the proportion
of Foxp3+ cells were observed (Fig. 1C), suggesting that
the differential diabetes induction was not due to changes

in Treg levels but perhaps due to differences in prolifer-
ation or cell death. Therefore, these two DC subsets in-
duce distinct pathogenic outcomes in autoreactive T cells.

To understand the differential effects of antigen pre-
sentation by these two subsets, BDC2.5 T-cell responses
were examined in lymphoreplete NOD mice. Because initial
TCR engagement and subsequent CD69 upregulation are
necessary for antigen-specific T-cell activation or tolerance
induction (39), early T-cell responses after in vivo DC stim-
ulation were measured. Treatment with a dose range from
10 ng to 1 mg of aDEC-BDC and aDCIR2-BDC led to an
increase of T-cell activation markers after 24 h of stimula-
tion with DEC-205+ or DCIR2+ DCs (Fig. 2A). Activation
was observed at a low dose of chimeric antibody, indicating
that the targeting of the antigenic peptide was highly effi-
cient. As expected due to the greater presence of DEC-205+

DCs in lymph nodes and DCIR2+ DCs in spleen (31), the
activation of BDC2.5 T cells was more efficient for aDCIR2-
BDC in spleen and more efficient for aDEC-BDC in lymph
nodes (Fig. 2A). Antigen targeted to either DEC-205+ or
DCIR2+ DCs induced proliferation and initial expansion in
BDC2.5 T cells in both the spleen and in lymph nodes after
3 days of stimulation (Fig. 2B and C). After 10 days of
stimulation, cells continued proliferating when stimulated
by aDEC-BDC (Fig. 2B). However, a significant decrease in
the number of BDC2.5 T cells was observed in spleen and
lymph nodes at day 10 after stimulation with aDCIR2-BDC
as compared with aDEC-BDC (Fig. 2C). Cell numbers after
10 days of stimulation by aDCIR2-BDC were similar to the
number of cells remaining in mice given no antigenic stim-
ulation (PBS). Thus, whereas aDEC-BDC induced prolifera-
tive responses that led to cell accumulation, aDCIR2-BDC
induced initial proliferation that was followed by contrac-
tion of the T-cell population in lymphoid tissues.

Because autoimmune pathogenesis in NOD mice is
associated with a T-helper type 1 response (40), we exam-
ined the cytokines that are secreted after stimulation by
aDEC-BDC or aDCIR2-BDC. As we previously observed
(18), stimulation with aDEC-BDC led to secretion of IL-2
and IFN-g by BDC2.5 T cells at both day 3 and day 10
(Fig. 3). Stimulation with aDCIR2-BDC, however, led to
increased IL-2 secretion by BDC2.5 T cells in the spleen at
day 3, but not in the remaining T cells at day 10, and did
not induce IFN-g secretion at any time point tested (Fig. 3).
IL-4, IL-10, and IL-17 were not observed after stimulation
with either DC subset (data not shown). Therefore, anti-
gen delivered to DEC-205+ DCs, but not DCIR2+ DCs,
induces sustained expansion and effector responses in
NOD mice.

Tolerance can be broken by maturation of DC pop-
ulations, and mature DEC-205+ and DCIR2+ DCs will
stimulate effector T cells rather than tolerance (29,31).
NOD CD8+ DCs express higher CD40 compared with
C57Bl/6 mice, and blocking this pathway abrogated ex-
pansion of BDC2.5 T cells after stimulation with DEC-
205+ DCs, suggesting that increased CD40 may contribute
to the inability of NOD CD8+ DCs to induce tolerance

Figure 1—Stimulation of BDC2.5 T cells by DCIR2+ DCs delays
diabetes development in NOD.scid mice. A: Percent of NOD.scid
mice that are diabetes free after injection with CD4+CD252 BDC2.5
T cells and the indicated treatments. Statistical analysis was performed
with log-rank test. P < 0.001 for aDEC-BDC vs. aDCIR2-BDC; P =
0.452 for PBS vs. aDEC-BDC. Summation of four experiments. n = 28
mice treated with PBS, n = 20 mice treated with aDEC-BDC, and n =
19 mice treated with aDCIR2-BDC. BDC2.5 T cells (5 3 104) were
transferred to NOD.scidmice and treated with the indicated conditions.
Graphs indicate the total BDC2.5 T-cell number (B) and the ratio of
Foxp3+ BDC2.5 T cells (C) in NOD.scidmice on day 5. Average of three
independent experiments 6 SEM. Statistical analysis was performed
with one-way ANOVA with Bonferroni posttest. *P < 0.05. LN, lymph
nodes; NS, not significant.
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(18). Therefore, we measured the level of CD40 expression
on CD8+ and CD11b+ DCs. CD40 expression was higher on
CD11b+ DCs from NOD mice compared with C57Bl/6 mice,
consistent with the ongoing autoimmunity in prediabetic
NOD mice. But CD11b+ DCs from both strains expressed
lower CD40 levels than CD8+ DCs (Fig. 4). This lower CD40

expression on CD11b+ DCs could contribute to their lower
immunogenicity in NOD mice.

To rule out the possibility that the reduction in T cells
after treatment with aDCIR2-BDC was due to increased
trafficking to sites of endogenous antigen after stimula-
tion, the number of T cells in the pancreatic-draining
lymph node was measured. As expected for b-cell–specific
T cells, some proliferation of BDC2.5 T cells could be
observed in pancreas-draining lymph nodes, even without
exogenous stimulation (Supplementary Fig. 2A). BDC2.5
T-cell numbers in the pancreatic-draining lymph nodes
were similar after stimulation by DCIR2+ or DEC-205+

DCs (Supplementary Fig. 2B). Therefore, the T-cell reduc-
tion in spleen and peripheral lymph nodes after aDCIR2-
BDC stimulation is not due to migration of the T cells to
sites of endogenous antigen presentation.

DEC-205+ and DCIR2+ DC subsets have been reported to
be important for Treg induction or expansion, respectively
(34,41). To separately test induction or expansion of Tregs,
GFP+ (Foxp3+) and GFP2 CD4+ cells were sorted from NOD.
BDC.Foxp3-GFP mice and injected into NOD mice along
with DC-targeted antigen (Fig. 5A). Although aDEC-BDC
and aDCIR2-BDC both caused proliferation and expansion
of injected Foxp3+ Tregs at day 3, the expansion elicited by
the two DC subsets was not significantly different, and this
expansion was similar to the expansion of GFP2 cells (Fig.
5B and C). Likewise, little conversion of GFP2 to GFP+ cells
was observed after stimulation by either DC subset (Fig. 5C).
No significant increase in the percentage of Foxp3+ BDC2.5
T cells after stimulation of total CD4+ BDC2.5 T cells by
DEC-205+ or DCIR2+ DCs was observed at antibody doses

Figure 2—DEC-205+ DCs, but not DCIR2+ DCs, elicit sustained
expansion of BDC2.5 T cells in NOD mice. A: Activation markers
(CD69 and CD25) on BDC2.5 T cells in spleen and lymph nodes
(LNs) after stimulation of BDC2.5 T cells in NOD mice with the in-
dicated dose of aDEC-BDC or aDCIR2-BDC (or PBS control, 0 ng).
Average of two independent experiments 6 SEM. B: Histograms of
carboxyfluorescein succinimidyl ester (CFSE) dilution for BDC2.5
T cells stimulated with the indicated antibodies at day 3 or day 10.
Numbers indicate the percentage of divided T cells. C: Fold expan-
sion (over PBS controls, dotted line at fold expansion 1) of BDC2.5
T cells after the indicated treatments. Statistical analysis was per-
formed with one-way ANOVA with Bonferroni posttests. *P < 0.05
for aDEC-BDC vs. aDCIR2-BDC.

Figure 3—DEC-205+ DCs, but not DCIR2+ DCs, stimulate sustained
IL-2 and IFN-g production by T cells. Percent of BDC2.5 T cells
expressing IL-2 or IFN-g after the indicated treatments for 3 or
10 days in NOD mice after the indicated treatments. Average of
four independent experiments 6 SEM. Statistical analysis was per-
formed with one-way ANOVA with Bonferroni posttests. *P < 0.05;
**P < 0.01; ***P < 0.001. LN, lymph nodes.
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ranging from 10 to 1,000 ng (Fig. 5D). This suggests that
Treg expansion is likely occurring at similar rates as parallel
Teff responses. Therefore, Tregs do not likely contribute
significantly to the differences in responses induced by
DEC-205+ and DCIR2+ DCs, and neither DC subset in
NOD mice is capable of increasing the Treg-to-Teff ratio
to skew toward tolerance.

As the loss of T cells after stimulation by DCIR2+ DCs
is not due to altered trafficking to sites of endogenous
antigen or due to suppression by Tregs, we hypothesized
that DCIR2+ DC stimulation may induce T-cell deletion.

As measured by caspase activation and mitochondrial po-
tential, DCIR2+ DCs induced more apoptosis in BDC2.5
T cells than DEC-205+ DCs (Fig. 6A and B). Therefore, the
reduction in T-cell number after DCIR2+ DC stimulation is
likely due to an increase in apoptosis. To strengthen this
conclusion, we tested whether antigen delivered to
DCIR2+ DCs rendered BDC2.5 T cells unable to respond
to subsequent stimulus. NOD mice were injected with
BDC2.5 CD4+ cells and treated first with either PBS or
aDCIR2-BDC. After 10 days, the mice were treated with
either aDCIR2-BDC, aCD40, poly(I:C), and LPS to elicit
a strong immunogenic response or PBS as a control. Ini-
tial treatment of mice with aDCIR2-BDC led to decreased
responsiveness to the challenge; T-cell numbers were
lower after the challenge in mice pretreated with
aDCIR2-BDC, especially in the lymph node (Fig. 6C).
Therefore, targeting of antigen to DCIR2+ DCs in NOD
mice leads to decreased responsiveness that cannot be
fully rescued by immunogenic challenge and further sug-
gests increased deletion of T cells after stimulation by
aDCIR2-BDC.

To determine what distinct genetic programs are
elicited in the T cells early after stimulation by the two
DC subsets, we sorted BDC2.5 T cells for gene expression
analysis 14 h after stimulation in vivo with either
aDEC-BDC or aDCIR2-BDC. We found a set of genes
with significant differential expression in BDC2.5 T cells
stimulated by the two DC subsets in NOD mice (Fig. 7A

Figure 4—NOD CD8+ DCs express higher levels of CD40 than
CD11b+ DCs. Geometric mean fluorescence intensity (MFI) of
CD40 on spleen CD8+ or CD11b+ DCs in C57Bl/6 (B6) or NOD
mice. Each dot represents a single mouse, representative of three
independent experiments. Statistical analysis was performed with
two-way ANOVA with Bonferroni posttests. **P < 0.0001.

Figure 5—DEC-205+ and DCIR2+ DCs induce similar Treg proliferation, with little Treg induction and no increase in the Treg-to-Teff ratio. A:
BDC2.5 Foxp3+ T cells and BDC2.5 Foxp32 T cells, sorted from BDC2.5.Foxp3-GFP mice, were stimulated in vivo with aDEC-BDC or
aDCIR2-BDC for 3 days in NOD mice. B: The number of GFP+ cells was assessed among transferred GFP+ cells after treatment with the
indicated antibodies. Average of three independent experiments 6 SEM. C: The number of GFP+ cells converted from transferred GFP2

cells (left) and the number of GFP2 cells (right) expanded by the indicated treatments were assessed. Average of three independent
experiments 6 SEM. D: NOD mice were injected with BDC2.5 T cells, and 5 days after treatment with the indicated antibodies, the total
percentage of BDC2.5 T cells expressing Foxp3 was measured. Average of two independent experiments 6 SEM. No significant differ-
ences were observed by statistical analysis with one-way ANOVA (B and C) or two-way ANOVA (D). LN, lymph nodes; ND, not detected;
NS, not significant; pLN, pancreatic lymph nodes.
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and Supplementary Table 1). Although both DCs stimu-
lated the T cells, larger gene expression changes occurred
with DCIR2+ DC stimulation compared with DEC-205+

DC stimulation (Supplementary Fig. 3). Pathway analysis
determined a preferential expression of gene sets related
to leukocyte activation (gene ontology ID 45321) in im-
mune system process-related genes (gene ontology ID
2376) in T cells with aDCIR2-BDC stimulation over
aDEC-BDC stimulation at this early time point (enrich-
ment score = 8.22) (Fig. 7B). The specific leukocyte acti-
vation genes with greater than twofold change are shown
in Fig. 7C. These data give further evidence that the lack
of T-cell expansion at later time points is not due to an
inability of DCIR2+ DCs to elicit a response via the TCR
and suggest instead active tolerance induction. IFN

response genes, including Irf1, are downregulated more
(P = 9.13 3 1023, fold change 21.70) in T cells after
DCIR2+ DC stimulation (Fig. 7C), which correlates with
the lack of IFN-g production in DCIR2-stimulated T cells.
Matching the observed increased IL-2 protein secretion at
day 3 (Fig. 3), T cells stimulated by DCIR2+ DCs expressed
more Il2 message early. In addition, Il3 message was much
higher in DCIR2+ DC-stimulated BDC2.5 T cells compared
with DEC-205+ DC-stimulated T cells (Fig. 7A and Sup-
plementary Table 1). Quantitative measurement of mRNA
levels for Il2, Il3, and Irf1 confirmed the different expres-
sion observed by microarray (Supplementary Fig. 4A).
IL-3 protein expression was observed on day 1 after stim-
ulation by DCIR2+ DCs, but not DEC-205+ DCs, but it was
gone by day 3 (Supplementary Fig. 4B and C).

Importantly, expression of the transcription factor
Zbtb32 is upregulated in T cells after aDCIR2-BDC stim-
ulation significantly more compared with aDEC-BDC
stimulation (P = 4.54 3 1023, 3.66-fold change) (Fig.
7A and Supplementary Table 1). Quantitative measure-
ment of Zbtb32 mRNA levels across a wide range of anti-
body doses confirmed this preferential induction in
DCIR2-stimulated T cells (Fig. 8A). Higher Zbtb32 induc-
tion was also observed in vitro when BDC2.5 T cells were
directly cultured with a BDC2.5-specific peptide and
sorted splenic CD11b+ DCs, compared with CD8+ DCs.
After 14 h of culture, Zbtb32 expression was 1.47-fold
higher (P , 0.05) in sorted T cells stimulated with
CD11b+ DCs compared with CD8+ DCs. Zbtb32 is
a zinc-finger protein that is induced with activation and
has been shown to inhibit CD4+ T-cell differentiation
and cytokine production (42–45), which might contrib-
ute to the lack of cytokine production observed in
aDCIR2-BDC–stimulated T cells. To determine the
effect of Zbtb32 on T-cell responses, CD4+ T cells from
NOD.BDC2.5 mice were transfected with a plasmid
encoding Zbtb32 or a control plasmid. Transfection effi-
ciency was tested using cotransfection with GFP and
Western blotting (Fig. 8B and Supplementary Fig. 5A
and B). Although Zbtb32 transfection did not directly af-
fect viability (Supplementary Fig. 5A), overexpression of
Zbtb32 reduced expansion and IFN-g production in
BDC2.5 T cells after in vitro stimulation, similar to ob-
served changes after stimulation with DCIR2+ DCs in vivo
(Fig. 8C and D). We next determined the diabetogenicity of
BDC2.5 T cells overexpressing Zbtb32 using the NOD.scid
transfer model. BDC2.5 CD4+ T cells transfected with either
Zbtb32 or control plasmid were transferred to NOD.scid
mice. Mice that received T cells transfected with Zbtb32
had significantly delayed diabetes compared with mice
that received T cells transfected with the control plasmid
(Fig. 8E). Insulitis scores at day 6 (before the development
of hyperglycemia) were lower in NOD.scid mice that re-
ceived Zbtb32-expressing T cells, and fewer of these cells
were recovered in lymphoid tissues, including in the
pancreas-draining lymph nodes (Fig. 8F and G). Hence,
Zbtb32 is increased by T-cell interactions with DCIR2+

Figure 6—aDCIR2-BDC increases BDC2.5 T-cell apoptosis and
decreases responsiveness to antigen rechallenge. A: BDC2.5 cells
from spleen were assessed for caspase activation and mitochon-
drial membrane potential after 4 days with the indicated treatments
in NOD mice. B: The average percentage of BDC2.5 cells within the
apoptotic gate in spleen and lymph nodes (LNs). Average of three
experiments 6 SEM. *P < 0.05, **P < 0.005. C: NOD mice injected
with BDC2.5 T cells were treated with either PBS or aDCIR2-BDC
intraperitoneally. Ten days after the initial treatment, mice were
challenged with aDCIR2-BDC + LPS + poly(I:C) + aCD40 or given
PBS as a control. Five days later (day 15 after initial treatment),
numbers of transferred cells in spleen and LNs were assessed.
Each dot represents cells from a single mouse, representative of
three individual experiments. Statistical analysis was performed
with one-way ANOVA with Bonferroni posttests. *P < 0.05. NS,
not significant.
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DCs, and this transcriptional regulator can inhibit expan-
sion of islet-specific CD4+ T cells and their diabetogenic
potential.

DISCUSSION

Taken together, these data demonstrate that DEC-205+ and
DCIR2+ DCs in NOD mice stimulate effector and tolerant
responses, respectively, in autoreactive CD4+ T cells and
have a differential ability to induce diabetes-inhibiting T-cell
responses. The observed reduction in T-cell numbers
after stimulation by DCIR2+ DCs has several potential
mechanisms. First, T cells could possibly expand less due
to a lower level of stimulation, but we observed similar
levels of early activation marker protein expression and
proliferation in BDC2.5 T cells after stimulation with either
DC subset. The gene expression signatures actually indicate
a stronger activation and proliferative signal in T cells stim-
ulated by DCIR2+ DCs. Second, T cells could be migrating to
sites of endogenous antigen expression, yet DCIR2+ DC-
stimulated T cells are not preferentially accumulating in

the pancreas-draining lymph nodes. Finally, after initial
proliferation, T cells stimulated with DCIR2+ DCs may un-
dergo more apoptosis. This third mechanism is consistent
with our data that caspase activation is increased, and
T cells have lower responsiveness to secondary antigen chal-
lenge. Therefore, the increased tolerance induction in T cells
after DCIR2+ DC stimulation is likely due to increased de-
letion. Because DCIR2+ DCs are more abundant in the
spleen, and DEC-205+ DCs more abundant in the lymph
node, these differences could be due in part to the different
initial sites of activation.

In contrast to wild-type mice, neither DEC-205+ nor
DCIR2+ DCs are able to induce a net increase in regulatory
T cells. Previously, we observed that bone marrow–
derived DCs from NOD mice could expand functional
Tregs in vitro with IL-2 (46,47). However, our data here
show the inability of both of these DC subsets to increase
Tregs in vivo in NOD mice. This indicates a second defect
in DC-mediated peripheral tolerance in NOD mice and
highlights possible differences in the environment in

Figure 7—In vivo stimulation with aDCIR2-BDC induces distinct gene expression changes in BDC2.5 T cells. BDC2.5 T cells were
transferred to NOD mice, followed by treatment with aDEC-BDC or aDCIR2-BDC. Fourteen hours after treatment, BDC2.5 T cells were
sorted from spleen and lymph nodes and RNA was obtained and then analyzed by microarray. Genes differentially regulated by DCIR2+ and
DEC-205+ DCs are analyzed by a volcano plot of genes (dark lines indicate a P value of 0.05 [horizontal] and a twofold change [vertical]) (A)
and a pathway analysis of immune system process in gene ontology ID 2376 (P < 0.05, false discovery rate< 0.75) (B). From the data in B,
leukocyte activation-related genes are shown in C (P < 0.05, false discovery rate < 0.75).

3528 cDC2s Restore Tolerance and Inhibit Diabetes Diabetes Volume 64, October 2015



which these DCs act during chronic autoimmunity. DCIR2+

DC stimulation in NOD, although more tolerogenic than
NOD DEC-205+ DCs, may not optimally induce tolerance,
as diabetes was delayed but not completely abrogated after
treatment. Because the DCIR2-induced deletion tolerance is
intrinsic to the affected T cells and not dominant tolerance
such as that mediated by regulatory T cells, this type of
treatment may require delivery of antigen multiple times.
Therefore, it will be important to identify signals that create
the proper context for therapeutic tolerance induction via
DCIR2+ DCs and to determine how to use DCs in vivo to
induce dominant tolerance during autoimmunity.

DCIR2+ and DEC-205+ DCs induce distinct genetic pro-
grams in autoreactive T cells early after activation that
correlate with the differential T-cell phenotypes observed,
including decreased Irf1 expression that correlates with
decreased IFN-g production. High IL-3 expression is
also induced early after DCIR2+ DC stimulation. Interest-
ingly, IL-3 therapy can block diabetes development in
NOD mice, suggesting that, in some contexts, IL-3 may
be an important regulator of autoimmunity (48,49). It
also presents the possibility that these two DC subsets
may induce T-cell tolerance through different pathways,
some of which are likely impaired in NOD mice. At the
transcriptional level, we observed higher Zbtb32 in T cells

stimulated by DCIR2+ DCs. T cells overexpressing Zbtb32
displayed an inhibited ability to transfer diabetes, dem-
onstrating that Zbtb32 is an important cell-intrinsic reg-
ulator of T-cell tolerance. Zbtb32 is a known negative
regulator of cytokine production (33) and correlates
with nuclear factor of activated T-cells–mediated T-cell
nonresponsiveness (50). Our data suggest Zbtb32 may
also regulate antigen-induced cell death.

Our data point to two possible therapeutic targets:
utilizing cDC2 DCIR2+ DCs to induce tolerance and gen-
erating tolerance in T cells by upregulating Zbtb32. For
optimal in vivo tolerance induction, the inflammatory en-
vironment in which DCs stimulate T cells during chronic
autoimmunity also needs to be addressed. In conclusion,
this study indicates that to preferentially elicit the desired
tolerogenic response, antigen-specific treatment of type 1
diabetes and other autoimmune diseases will need to tar-
get antigen to the correct DC subset to present antigen to
autoreactive T cells.
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